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Abstract

:

The paper is devoted to the assessment of the prospects of implementing clean energy sources in Russia, where the current energy policy goal is to increase the role of renewable and clean energy sources. The research is based on data from the Krasnoyarsk Region as one of the largest territories but also as a representative model of Russia. The aim of the study is to identify where and which renewable energy source (solar, wind, hydro and nuclear) has the highest potential. The novelty of our research lies in its holistic nature: authors consider both geographical and technical potential for renewable energy sources development as well as prospective demand for such resources, while previous research is mostly focused on specific aspects of renewable energy development. We also consider the level of air pollution as an important factor for the development of renewable energy sources. The results of the study show that there is a strong potential for clean energy sources in the Krasnoyarsk Region. The resulting matrix identifies the potential of energy sources across all the municipal entities and also indicates whether the source of energy is primary or supplemental and where several sources may be implemented in cooperation.
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1. Introduction


Climate change, and the problem of CO2 emissions specifically, force government bodies to apply policies, aimed at diminishing the negative impact of the energy sector on the environment. This may be executed in two major forms: either through the overall decrease of demand (increasing energy efficiency), or through the shift towards more sustainable renewable energy sources (RES) [1]. The first is usually rather difficult in emerging economies due to the increasing commercial demand and extensive character of industrialization [1]. Moreover, demand grows with the increase in population and global economic growth [2,3,4,5], while the development of RES seems to be a promising stream [6].



However, the introduction of RES usually faces two major barriers: higher costs of energy compared to the conventional energy sources [7] and uncertainty of generation potential (as natural resources are stochastic in their nature) [8]. In addition, while the high costs of renewable energy are a technological issue that will be solved in the nearest future [9], assessment of their potential requires a more focused approach as it is highly dependent on specific conditions of a given region.



There is a substantial number of papers aimed at the assessment of the potential of RES on a given territory: theoretical (rough estimation of the total energy that can be potentially harvested from a given territory—without consideration of geographical and technical limitations) [10,11,12,13,14,15,16,17,18]; geographical (inclusion of the land restrictions to the calculation of RES potential) [19,20,21,22,23,24,25]; technical (assessment of the energy that can be potentially harvested from a given area within the existing technological restrictions) [11,12,13,14,19,20,26,27]; and economical (assessment of economical rationality for RES usage at a given territory in comparison to alternative electricity supply mechanisms) [11,12,19].



However, researchers usually omit the demand side of the issue—to our best knowledge the current body of research does not fully consider the availability of demand for RES at a given territory. Most of papers are largely focused on the analysis of the potential for the development of renewables. For instance, the work by Prajapati [10], which includes the GIS-based assessment of the hydropower potential of Karnali basin, despite providing strong results (the proposed model was valid with Nash efficiency of 61.7–82.02%) that were similar to other studies of the observed basin, is devoted to the assessment of the hydro resources and is not taking into account the demand side.



Papers by Suri et al. [16], Yuksek et al. [17], Angelis-Dimakis et al. [12], Mondal and Denich [13], Ozturk et al. [18] and Kucukali and Baris [26] while providing a profound analysis of RES potential from the supply side, face similar limitations, determined by one-side assessment of such potential. It is worth noting that the last two papers partially consider the demand side of RES potential through the inclusion of the existing forecasts of macro demand for hydropower energy from major industries of the observed countries.



Paper by Nguyen [15] used a similar GIS-based approach for the assessment of wind potential of Vietnam, but in contrast to former studies, it considers population density of the observed territory—the assessment partially includes the demand-side of RES potential. At the same time, this study did not take into account other types of demand (for instance, industrial) and is also focused on one renewable source of energy.



Another study by Grigoras et al. [11] tackled the issue of assessing the renewables potential of Romania on the basis of existing database of distribution and transmission companies. This research takes into account both technical parameters of the network (voltage level) and the renewable source (its type, installed capacity and geographical position). Though the study was performed on a macro-level—the authors assess the total technical potential of the country without a detailed assessment for various zones and types of renewable energy sources.



Study by Farooq and Kumar [19] provided a detailed analysis of supply-side potential for RES development: authors take into account the availability of rooftops for PV installation. However, the overall demand for electricity from RES is not fully incorporated into their research. Similar approach was used in the research by Yue and Wang [27], which also included the criteria of RES exploration: specific local conditions, natural restrictions, ecological environment of a particular area. However, authors mostly focus on economic potential for the consumption of RES. An interesting approach was used in the paper by Hubert and Vidalenc [20], where authors make an adjustment for the social acceptance when assessing the potential of RES development—with the breakdown by the type of renewable source. However, this parameter may be subjective to each of the respondents and probably other parameters have to be taken into account in further studies.



Russian research on the assessment of renewables potential faces similar limitations. First of all, it is worth noting that the overall number of papers on this topic is rather small. At the same time, existing research is mostly devoted to the macro-assessment of RES potential and the overview of its development in Russia [28,29,30] or to the assessment of natural potential of specific renewable resources [29,31]. For instance, study by Molodtsov [28] provides an interesting insight on where each type of renewable may be the most attractive, but it is of conceptual nature and may not be used as a ground for particular actions. Another research by Chrepovitsyn and Tcvetkov [29] provides an estimation of the overall availability of renewables in Russia, based both upon the existing statistics and observations. However, this paper is largely devoted to the assessment of the overall attractiveness of various RES and is not case-specific. A study by Daus et al. [31] provides a detailed assessment of solar potential in Southern Federal District of Russia but does not imply concrete actions based on the results. At the same time, all of the mentioned papers do not devote enough attention to the demand side of the RES potential.



The present research will include geographical and technical potential assessment of RES (in terms of classification provided by Izadyar et al. [32]) within each of the examined municipal entities, considering both the supply and demand for these resources. This paper will examine the potential for the deployment of renewable energy sources in Krasnoyarsk Region, while previous studies are largely devoted to southern and western regions of Russia. Hence the authors make an attempt to expand the existing body of knowledge through considering a specific case of a region and the employment of a holistic approach in contrast to the previous research, which is mostly focused on specific aspects of renewable energy development.



The development of the society is to a significant degree dependent on a reliable and continuous energy supply [33], while the depletion of fossil fuels coupled with pollution caused by electricity generation facilities urge the transition to renewable energy (most frequently solar, wind, hydro and geothermal) as well as clean fuel technologies [34]. In the pursue of economic and technical efficiency the implementation of renewable energy sources has to be carefully evaluated in relation to exhaustible resources [33,35,36].



The energy system in Russia is huge in its geographical magnitude and regionally very diverse. Up to 68% of electricity generation comes from burning fossil fuels. This determines a high rate of resources depletion as well as local and global environmental risks [37]. The power system is represented by two main constituents: the United Power Grid that covers most of the country’s territory and several isolated power systems which provide electricity to remote areas [38]. Diesel power plants are the main source of electricity generation in isolated power systems, while diesel is normally imported from other regions and it leads to high costs of energy and environmental damage. At the same time, combined solutions are gradually implemented (e.g., wind-diesel power plants) [39]. Also, the Russian government included the goal to increase the share of renewable energy sources in its Energy Strategy, so that 5% of the total energy consumption has to come from renewable energy sources by the year 2030 [40]. Wind, solar and hydro energy seem to be the most promising sources of renewable energy in Russia [37]. According to the International Renewable Energy Agency (IRENA) report the main drivers for implementing renewables in Russia are as follows [41]:




	
Economic growth and creation of new jobs



	
Science and technology development



	
Environmental improvement



	
Energy supply for isolated power systems








In the same report IRENA estimated that the share of renewables could possibly reach 11% by 2030. In this view the implementation of renewable energy sources in Russia presents a way to diminish environmental damage as well as ensure societal well-being, especially in remote and thinly populated areas. However, private investments and governmental funding attraction is an especially difficult task due to the lack of technical and economical evidence supporting new renewable energy projects [37]. Thus, more research has to be done to accelerate the process of implementing cleaner and renewable energy sources in Russia.



Within our research we will focus on the estimation of the potential of developing clean energy sources (mainly solar, wind and hydro) in Krasnoyarsk Region (or Krasnoyarsk Krai), which pertains to the Siberian Federal District. Within the present study a municipal entity, depending on its geographic characteristics, provides a “natural niche” for the most suitable for its territory energy sources. To match natural niches with existing and potential demand we calculated population density (demographic data was collected across 44 municipal entities of the region) and also considered the level of industrialization in each municipal entity (production volume of industrial facilities). Since the region is highly industrialized, we also considered large-scale hydro power stations as an important source of energy (natural preconditions were also taken into account and would be discussed in later sections).



Due to the finite uranium resources, nuclear power does not pertain to the most commonly accepted renewable energy sources. The question whether it is a “clean” or “green” energy source remains because of certain environmental issues, safety concerns and the problem of radioactive waste isolation [42]. However, considering the development and deployment of new nuclear generation technologies (primarily fast-neutron reactors, waste recycling and higher safety systems) nuclear power has a significant potential in creating clean energy systems through its high efficiency (capacity factor up to 86% [43]), commitment both to greenhouse gas reduction and biodiversity conservation. There is a substantial evidence in favor of nuclear power being an important constituent element of a viable and sustainable energy mix of the future [44,45,46,47,48,49]. Therefore, within our study we are going to consider nuclear power as a cleaner alternative to hydrocarbon fuels in case if other sources are insufficient for satisfying existing or potential demand. The existence of a natural niche for its development in the Krasnoyarsk Region would be discussed in later sections.



Thus, we arrive at four basic clean energy sources relevant for development in the region: solar, wind, hydro and nuclear. All the mentioned above sources of energy have to be implemented in such way that allows for their cooperation in order to create a sustainable and reliable energy mix (one source of energy has to be supplemented by others where applicable). Such approach corresponds to the current body of research.



The main aim of the present study is to deepen the understanding of where and what renewable energy sources may be implemented in the Krasnoyarsk Region by comparing the natural potential (mapping results and natural niches) of the territory with population density in different municipal entities and considering the level of industrialization of each entity. We also cover the issues of air pollution, primarily the emissions of carbon dioxide and sulfur oxide (which are most commonly associated with burning fossil fuels). A quick analysis method for measuring the potential of developing cleaner energy sources is applied through combining geographical and demographical data. We provide a resulting matrix indicating what precise energy sources have the highest potential for implementing as a primary or supplemental source of energy in each of the 44 municipal entities of the Krasnoyarsk Region.



The rest of the paper is structured as follows. In Section 2 we provide rationale for the applied methods, present our research design, and describe the materials. We then proceed to the description of our results and develop the resulting matrix indicating the potential of developing RES in the Krasnoyarsk region across all municipal entities. After that we provide a discussion concerning the contributions, implications and limitations of our research.




2. Materials and Methods


2.1. Research Design


The novelty of our study lies in its holistic nature as distinguished from other specifically focused studies. Municipal entities of a region are complex multifaceted socioeconomic systems described by different aspects. Analysis of these systems is possible only in the presence of sufficient statistical data provided by government bodies and specific data collected within previous research devoted to certain aspects of the municipal entities. That is why the choice of the method for the present research, having in view the aim of the study, was narrowed to the data available. In the authors’ opinion, the suggested research design is optimal, taking into account this limitation. Materials for the present study were collected from several sources:




	
Data regarding the potential of implementing clean and renewable energy sources (solar, wind, hydro and nuclear) in the Krasnoyarsk Region (sources of information are described in further sections)



	
Demographic and industrialization data collected from open sources (official statistics)



	
Data regarding emissions (carbon dioxide and sulfur oxide) was collected from open sources (official statistics)








As it was mentioned before, we focus on the assessment of renewable energy potential of the Krasnoyarsk Region from both supply and demand side (Figure 1).



By supply we mean the existence of natural niches for the development of renewables. In our study, we expand previous research devoted to mapping solar, wind, micro hydro and biomass potential in Krasnoyarsk Region [50]. By demand we mean the level of industrialization of a given territory (which represents the industrial consumers of energy) and its population density (which allows indirectly evaluating the demand for energy from households). Among the four types of “clean” energy sources—solar, wind, hydro, and nuclear—the last two conventional sources allow for creating an optimal energy portfolio and support a basic demand for energy (mostly created by the industry).




2.2. The energy Sector of Krasnoyarsk Region


Expanding from the Arctic Ocean up to the Sayan Mountains, Krasnoyarsk Region is one of the largest territories in Russia (13% of the total area) and from its geographical standpoint, the region may be seen as a representative model of Russia. Table 1 provides characteristics of the region with the particular emphasis on the structure of its power industry, which is currently typical for the eastern part of Russia and mostly based on coal-fired and hydro power generation.



The power sector in general is of mixed type: most of the municipal entities are connected to the United Power Grid of Russia, while remote areas are isolated. Figure 2 shows both the territories with centralized and decentralized power supply. In thinly populated remote areas power energy is generated by diesel plants. The Norilsk-Taimyr energy region (where industrial plants of JSC MMC Nornickel are concentrated) is also isolated from the United Power Grid and supplied with energy by the Norilsk-Taimyr energy company [52].



The Kansk-Achinsk coal basin situated in the region ranks as the second in significance within the country—its proven reserves account for 40.7% of total national reserves. Coal production in the region accounts for 11% of total national production. The share of coal-fired power generation accounts for 43–45% [53].



At the same time, environmental concerns are high [54,55]. Russian Ministry of Natural Resources [56] estimated that during the period 2011–2016 the overall emissions of CO2 in Krasnoyarsk Region increased by 46%.



According to the International Energy Agency (IEA) the carbon intensity of the Russian economy (carbon dioxide emissions per GDP) in 2011 was about 60% higher than the average measured in IEA member countries [57], which is supported by 2015 research [58]. Previous research and environmental monitoring show that in 2015 the following populated territories: Achinsk, Kansk, Krasnoyarsk, Lesosibirsk, Minusinsk, Nazarovo and Norilsk appear to be the most polluted areas in Krasnoyarsk Region, with air pollution being one of the major issues [59].



Environmental concerns coupled with low efficiency of coal generation (about 35% according to a 2018 report [60]) urge to implement cleaner sources of energy. Thus, in further sections we briefly cover the issue of air pollution in Krasnoyarsk Region (mainly carbon dioxide and sulfur oxide) as an additional factor for the development of RES.



One evident alternative is presented by natural gas [61], especially considering that gas production in the region is growing [53]. While there are plans for developing natural gas infrastructure in the Krasnoyarsk Region announced by PJSC (Public Joint Stock Company) Gazprom [62] (Russian largest company engaged in extraction, production, transportation and sales of natural gas), there is still no noticeable progress (according to an official statement from June, 2018 [63] the project of the gasification program is still being prepared by corresponding regional authorities). However, it is important to mention that there is evidence indicating that the implementation of natural gas as a source of energy has also an adverse effect on the ecosystem due to methane leakages [64,65,66,67,68]. This fact decreases the attractiveness of this source of energy. Due to these reasons we do not refer to natural gas as a cleaner alternative within our study.




2.3. Socioeconomic Data


Population density is one of the main factors that determine energy consumption patterns [69,70,71,72,73]. Population density for all the 44 municipal entities was calculated dividing population (people) by area of the municipal entity (km2) with the use of official data on land area [74] and population data collected from the Federal Statistics Service [75]. All data refers to the year 2017.



We divided population density into three groups: high (>6 people/km2), medium (2–6 people/km2) and low (<2 people/km2) levels.



Level of industrialization was estimated through the calculation of production volume in 2017 (in monetary terms, in Russian rubles further referred as RUR) in three major sectors of economy: mining operations, manufacturing and energy sector [76]. We divided the municipal entities into three groups: high (>10,000 m RUR), medium (2000–10,000 m RUR), and low level of industrialization (<2000 m RUR).



As it was previously mentioned, high environmental concerns are one of the main reasons for the deployment of cleaner energy sources in the region. Thus, within our research we considered the emissions level within the municipal entities of Krasnoyarsk Region as a rationale for developing RES [56,77]. We mainly focused on the emissions of sulfur oxide and carbon dioxide as most commonly associated with burning fossil fuels According to our calculations, there is a high positive correlation with the level of industrialization among the observed entities (Pearson correlation coefficient = 0.8 with p-value < 0.05), ass seen in Figure 3.




2.4. Mapping of Solar and Wind Power Potential


The mapping is based both on the data collected by the authors of the present study and on the results of the research, carried out by a group of researchers of the Siberian Federal University in 2013. Their project was devoted to the technical and economic potential of different renewable energy sources in the Krasnoyarsk Region [50]. Among other goals, the project group evaluated the potential of solar and wind power energy implementation in the region and developed maps reflecting which municipal entities have the highest and the lowest potential for developing either solar or wind power stations.



There are natural cycles that determine the volatility of wind and solar power capacity, while the measurements were carried out in 2013. However, because RES projects imply long investment cycles the average annual values are of importance. Also, the potential of a renewable source can be determined only approximately [2]. This means that the results of the mapping can be applied to the current research.



By measuring solar insolation and calculating average annual irradiance in kilowatt per square meter (kW/m2) the researchers identified three zones: with the most, least and medium solar potential. By measuring an average annual wind speed in meters per second (m/s) they also identified three zones: with the most, least and medium wind potential. Both solar and wind potential are shown in Figure 4.




2.5. Mapping of Hydropower Potential


The reason for hydropower inclusion was the abundance of hydropower resources in Russia [79] (according to the International Hydropower Association [80] Russia ranks as the second country after China in undeveloped hydropower resources) as well as the highest importance of this source of energy in Siberia (up to 47% of total capacity [81]). Currently (Figure 5), six hydropower stations function in Krasnoyarsk Region (Krasnoyarskaya, Boguchanskaya, Kureiskaya, Mainskaya, Enashiminskaya and Ust-Khantaiskaya). Enashiminskaya micro hydro station supplies several settlements in Severoeniseiskiy municipal entity. Sayano–Shushenskaya hydropower station also forms a part of the regional energy system, while it is located on the borderline between the Krasnoyarsk Region and the Republic of Khakassia.



There are several other natural preconditions for the further development of hydropower energy in the Krasnoyarsk Region. According to the General Scheme of Developing Power Energy Facilities [82] Motyginskaya hydropower station has to be constructed in the Krasnoyarsk Region. The project is to be realized by JSC RusHydro, however, there is no progress since 2009 [83].



Another project of JSC RusHydro, Evenkiyskaya (or Turukhanskaya) hydropower station, is withheld since 2010 due to serious environmental concerns [84], while there is a strong natural potential for the project [85]. The future of the Nizhne-Kureiskaya hydropower station project is also uncertain as the company responsible for the project (a subsidiary of JSC RusHydro) changed its name and business profile (it’s an energy sales company at the moment [86]). According to previous research Krasnoyarsk Region has also a noticeable potential of developing micro hydro power stations due to the abundance of minor rivers with sufficient capacity [50].



Based on these facts we regard power stations in design stage and those possible to construct on minor rivers as prospective for the region as shown in Figure 5. The map includes an array of currently functioning and potential generation objects with the following numbering:




	
Currently functioning hydro power stations: (1) Krasnoyarskaya; (2) Boguchanskaya; (3) Kureiskaya; (4) Mainskaya; (5) Enashiminskaya; (6) Ust-Khantaiskaya; (7) Sayano–Shushenskaya;



	
Potential hydro power stations: (1) Motyginskaya; (2) Evenkiyskaya (or Turukhanskaya); (3) Nizhne-Kureiskaya;



	
Municipal entities with the potential for the development of micro hydro power stations: (1) Motyginskiy; (2) Kuraginskiy; (3) Boguchanskiy; (4) Nazarovskiy; (5) Bolʹshemurtinskiy; (6) Karatuzskiy; (7) Abanskiy; (8) Tiukhtetskiy; (9) Novoselovskiy; (10) Sayanskiy; (11) Bolʹsheuluĭskiy; (12) Sukhobuzimskiy.









2.6. Mapping of Nuclear Power Potential


As it was mentioned before, it is still highly debatable whether nuclear power may be considered to be a “green” or “renewable” source of energy; however, we decided to include it as one of the alternatives for several reasons. First of all, both a uranium enrichment facility [87] and a spent-fuel storage facility [88] are located in the Krasnoyarsk Region (Figure 6). Secondly, Krasnoyarsk Region can be characterized as a territory with a high industrial potential [89] (and corresponding power energy demand) with developed oil and gas, power and mechanical engineering, timber, metal-working and mining industrial facilities. Also, metallurgy is a significant source of the regional industrial potential due to the abundance of non-ferrous metal ores. Mutually, these factors create a natural niche for developing high capacity nuclear power stations in the region, precisely in those municipal entities, where the demand of large-scale industries cannot be satisfied (partially or entirely) with hydropower (within this study, we do not consider fossil fuels as an alternative in such cases as we focus on cleaner alternatives).



We assumed that nuclear power stations have the highest potential in densely populated and industrialized territories (supplemental to other sources of energy). The map includes an array of municipal entities with the potential for the development of nuclear power stations with the following numbering: (1) Achinskiy; (2) Minusinskiy; (3) Kanskiy; (4) Nazarovskiy; (5) Sharypovskiy; (6) Bogotolʹskiy; (7) Uiarskiy; (8) Berezovskiy; (9) Rybinskiy; (10) Taimyrskiy municipal region.





3. Results


While the results of the mapping described above in some way illustrate the possible directions for renewable energy development, we suppose that it is essential to consider the potential demand through adding to the analysis population density and level of industrialization across all the municipal entities (Table 2).



Further assessment of RES development in Krasnoyarsk Region will be conducted within the previously outlined groups: high, medium and low levels of industrialization (Figure 7, Figure 8 and Figure 9). Within each of these groups we determine the potential of RES by two measures:




	
Y-axis—population density (people/km2). For the purpose of observability, Figure 7 and Figure 9 include logarithmic Y-axis (with 10 and 2 taken as a base respectively)—otherwise points on the chart are not distinguishable



	
X-axis—potential of a source (solar: average annual irradiance (kW/m2); wind: average annual wind speed (m/s); small-scale hydro potential (MW))








Then, we supplement the results with data regarding full scale hydropower potential and nuclear power potential and design the resulting matrix.



A combination of data regarding the potential of renewables (Figure 7, Figure 8 and Figure 9), as well as the current and potential generating facilities in the observed municipal entities, allows for the identification of those, mostly suitable for the development of RES (Figure 10).



The green zone of the matrix includes municipal entities that are suitable for the development of renewables as a primary source of energy: there is no heavy industry, while there are natural niches for the development of various renewables. Renewable energy sources have a high scalability potential; thus, they can be adapted to varying population density levels in the outlined entities. As we can see from the matrix, solar power seems to be a promising source in the vast majority of entities, but its maximum potential may be used in Sukhobuzimskiy, Shushenskiy, Nizhneingashskiy, Krasnoturanskiy, Kozulʹskiy, Manskiy, Dzerzhinskiy, Novoselovskiy, Abanskiy, Balakhtinskiy, Karatuzskiy, Sayanskiy, Irbeiskiy, Idrinskiy, Partizanskiy, Uzhurskiy, Uiarskiy and Ilanskiy territories. Wind resources are rather scarce in this group of entities and may be considered to be a supplemental source. Hydropower is present in selected areas, situated near the existing rivers of the region. Nuclear power does not have a significant potential in this group of areas.



The blue zone includes municipal entities, where renewables may be implemented as a complementary energy source, because of industrial demand for a reliable and stable energy supply from conventional generating facilities. Nevertheless, big natural niches of solar energy seem to be a promising avenue for the diversification of the existing single-source portfolio. Here RES can be also considered to be a solution for the environmental issues (this group of entities includes some of the most polluted ones) and can have a supplementary role for the existing conventional energy sources. It is also worth noting the noticeable importance of nuclear power—both higher population density and concentration of industrial facilities create sufficient demand.



The grey zone indicates the area least suitable for the RES—high level of industrialization does not allow for the development of nonconventional generation while low level of population density does not create enough demand from households. Moreover, existing natural niches are insufficient to fulfill the existing requirements of the industry located in the municipal entities from this group. Due to the high levels of air pollution in the entities within the grey zone, combined solutions for exploiting both the conventional and renewable energy sources have to be designed. For instance, wind has a high potential in Taimyrskiy municipal entity, which means that wind power stations can be constructed to diversify the energy portfolio of the territory. Motyginskiy, Boguchanskiy, Severoeniseiskiy, Eniseiskiy municipal entities have medium solar and hydropower potential; thus, solar and small-scale hydro stations can add up to the energy mix of these territories. The grey zone also comprises most of the northern territories of the Krasnoyarsk Region that are isolated from the United Power Grid; thus, the introduction of RES would provide these thinly populated territories with access to a more reliable, clean and cost-efficient energy supply if combined with the existing diesel power-stations.



The matrix outlines the structure of the possible energy mix in the observed municipal entities: whether renewables have the potential to become the primary or supplementary source of energy on a particular territory. This is particularly useful in the context that modern energy systems should be able to provide both flexibility and reliability. This is achievable through the simultaneous exploitation of different renewable energy sources within a hybrid system [90] as former are stochastic in their nature [8]. The results also indicate the following:




	
Solar power has the highest potential to be implemented in the majority of thinly populated municipal entities of the Krasnoyarsk Region as a primary source of energy;



	
Wind power has a potential to be implemented mostly as a supplemental source of energy in industrialized municipal entities;



	
Nuclear power development may be considered in densely populated and industrialized municipal entities (in case if there would be no conflict with hydro);



	
There are four municipal entities (Sukhobuzimskiy, Novoselovskiy, Uiarskiy and Tiukhtetskiy), where all three purely renewable (solar, wind and micro hydro) sources of energy may be implemented (upon the condition of no conflict among them);








Five municipal entities (Evenkiiskiy, Kezhemskiy, Biriliusskiy, Turukhanskiy, Pirovskiy) have the lowest potential of implementing clean energy sources.




4. Discussion


Generally, the obtained results clearly identify possible investment patterns as well as regional energy policy directions. While Krasnoyarsk Region seems to be a territory with a northern climate, the results revealed the actual potential of solar power in the region, which combined with other renewable sources of energy relevant to each municipal entity, outlines a solution for thinly populated, agricultural and remote areas. Both solar and wind power appear to be promising supplemental sources of energy for industrialized territories.



As for primary energy sources required for adequate industry development, there is a noticeable natural niche for hydro power in the region, especially in case if the withheld projects would be carried out (upon the condition of overcoming environmental concerns). There is also a significant potential to develop micro hydro power stations.



Thus, the resulting matrix identifies the potential of an energy source across all the municipal entities and outlines the structure of the possible energy mix in each entity. Our results indicate whether a definite source of energy is primary or supplemental and where several sources may be implemented in cooperation to ensure flexibility and reliability of the energy system. The novelty of our research lies in its holistic nature as distinguished from focused studies; thus, the results have a wide application in the view of energy transition in the Krasnoyarsk region.



Energy transition and its temporal dynamics is determined by different forces: a natural change in technology, a change in consumer demand or the introduction of incentives from government [91]. The introduction of renewables in many cases is impeded by social, technological, cultural, political and regulatory aspects concerning electricity use and supply [92]. The Russian government is developing new environmental policies and programmes with corresponding funding. The development of cleaner energy sources that were identified within the matrix in Figure 10 in the southern agricultural part of the Krasnoyarsk region may be encouraged through participating in these programmes.



The government is also planning to assign greenhouse gas limits in the nearest future (Krasnoyarsk is chosen as one of pilot territories to test the new policy) [93]. The northern industrial area in Norilsk-Taimyr industrial region may benefit from investing in cleaner energy sources (especially in wind energy as our results show) to decrease carbon emissions and also to decrease equity and corporate risks (for example, partners form countries with strict environmental limitations may reconsider partnerships). In this view, other large regional enterprises, such as LLC Siberian Generating Company, can potentially benefit in mid-term perspective from investing in cleaner energy sources.



Apart from quotas, new pricing policies and introducing feed-in tariffs, a transparent mechanism of public private partnership should provide incentives for investing in cleaner energy sources. In addition, ageing infrastructure (especially coal-fired power stations) and air pollution in the Krasnoyarsk region force the energy transition. Without introducing alternative to coal energy sources urban growth will contribute to further air pollution and environmental damage in the region. Aggravation of the ecological situation is expected even at the current levels of coal combustion due to climatic changes, such as the negative influence of the Siberian High on the scattering of contaminants [94].



Our results clearly show that there are alternatives for most of the municipal entities represented by either renewable (solar, wind and hydro) or nuclear power. Moreover, our results imply that apart from decarbonization and reducing environmental impact the introduction of cleaner energy sources in isolated territories has a potential for cost reduction due to the substitution of diesel power plants.



The obtained results provide practical guidance for regional policymakers who have on their agenda high levels of air pollution, dependence on coal-fired power stations and the necessity to provide a reliable supply of energy to remote areas. Also, the current investment passport of the region may be complemented with the matrix in order to attract private investors.



Within the existing studies on the implementation of RES, our research relates to those that are devoted to the assessment of renewable energy sources potential (both in terms of availability of different sources and appropriateness of their implementation) [13,19,95,96,97,98,99,100,101,102,103,104,105,106,107,108]. This group of studies may be considered to be a first step that allows understanding whether it is worth considering the implementation of RES at a given territory. Basing on the results of this stage it is then possible to define the portfolio of energy sources and solve the issues of interoperability between the conventional and renewable energy sources in a reliable and safely manner [109,110,111,112]. After that the questions of practical implementation (e.g., from the technical and economic points of view) and support from the government take their place [113,114,115,116]. Finally, the issues of the overall assessment of the success of decarbonization of the economy are considered in the literature [70,117,118,119].



Our research has a few possible limitations. First of all, the resulting matrix demonstrates the general picture and in each individual case a comprehensive analysis is required. Due to geographical reasons it should be understood that some renewable energy sources, especially solar power, have to be backed up by other sources of energy (in some regions solar power is relevant only from April to August, southward there are regions, where solar power is relevant from March to September, and only in several southern regions it is relevant throughout the whole year). In case if high capacity power stations are unavailable for some municipal entity (in isolated power systems), solar-diesel, solar-wind and wind-diesel options have to be implemented. The viability of the projects depends heavily on the possibility to attract significant investments for each project.



However, to the best of the authors knowledge this is the first attempt to measure the potential of clean energy sources in the Krasnoyarsk Region not only from technical (existing natural niches) or economic (payback periods of individual projects) points of view, but taking into consideration demographic factors, the presence of concentrated demand (heavy industry in the case of Krasnoyarsk Region) and the ecological situation (specifically air pollution) within the observed territories.



At the same time, there are several questions that need to be covered within the future research. First of all, it is crucial to address the issue of balancing distributed energy sources [8]. This may require restructuring the existing coordination mechanisms within the energy system, which was initially created based on predictable behavior of energy sources. Secondly, while implementing renewable energy sources seems to be a positive change, it is crucially to assess the system effects of such actions and calculate their long-term effect. For instance, the LEAP model [120] may be taken as a basis of such calculations. It may be worth taking into account a broader array of factors – economic and social factors, and their future dynamics as well. In addition, finally, while it is out of the scope of our research, in future the assessment of RES implementation may also require the calculations of their life-cycle effect within the given location [105,121]. The decisions of RES development should include both the effective management of available resources, minimization of the overall environmental impact and consideration of the local situation within the electricity sector [105].
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Figure 1. Research design. 






Figure 1. Research design.
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Figure 2. Mapping of Krasnoyarsk Region according to the structure of power supply in 2013 (adopted from [50]). 






Figure 2. Mapping of Krasnoyarsk Region according to the structure of power supply in 2013 (adopted from [50]).



[image: Resources 08 00084 g002]







[image: Resources 08 00084 g003 550]





Figure 3. Correlation between population density, emissions, and industrialization within the municipal entities of Krasnoyarsk Region in 2017 (calculated by authors with the use of [78]). 
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Figure 4. Mapping of the solar and wind potential in Krasnoyarsk Region in 2013 (adopted from [50]). 
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Figure 5. Mapping of hydropower potential in Krasnoyarsk Region in 2013 (adopted from [50] and extended by authors). 
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Figure 6. Mapping of nuclear power potential in Krasnoyarsk Region (compiled by authors based on calculated population density and level of industrialization in 2017). 
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Figure 7. Assessment of RES potential within municipal entities with high level of industrialization (developed by authors): (a) solar power potential; (b) wind power potential; (c) hydropower potential. 
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Figure 8. Assessment of RES potential within municipal entities with medium level of industrialization (developed by authors): (a) solar power potential; (b) wind power potential; (c) hydropower potential. 
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Figure 9. Assessment of RES potential within municipal entities with low level of industrialization (developed by authors): (a) solar power potential; (b) wind power potential; (c) hydropower potential. 
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Figure 10. Potential development of energy sources within the municipal entities of the Krasnoyarsk Region—developed by authors (municipal entities with the largest volume of carbon dioxide and sulfur oxide emissions per capita were indicated with bold font). 
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Table 1. Characteristics of Krasnoyarsk Region (2018) [51].
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Indicator

	
Value






	
General Data




	
Geographical coordinates

	
64.2480° N, 95.1104° E

Krasnoyarsk Region (lake Vivi) is a geographical center of Russia




	
The most northerly point

	
Cape Cheluskin (77.43° N, 104.18° E)




	
The most southerly point

	
Border of Tyva Republic—located in mountains, no locality bound (51.46° N, 92.4° E)




	
Climate type

	
3 climatic zones: arctic, subarctic, temperate

Continental with extreme temperature fluctuations throughout the year




	
Average annual rainfall (mm)

	
465




	
Annual temperature

	
Average = + 1.2 °C

Average min = – 16.0 °C (January)

Average max = + 18.7 °C (July)




	
Population

	
Overall population = 2.9 mm

Population density = 1.21 people/km2

Urbanization = 77%




	
Energy sector




	
Installed capacity (MW)

	
Сoal-fired power generation = 8089 MW

Hydro power stations = 10,038
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Table 2. Population density and industrialization level across municipal entities of Krasnoyarsk Region in 2017 (calculated by authors from [74,75,76]).
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	Municipal Entity
	Population Density

(people/km2)
	Level of Industrialization

(m RUR)
	Municipal Entity
	Population Density

(people/km2)
	Level of Industrialization

(m RUR)





	Achinskiy
	48.742
	36522.5
	Abanskiy
	2.142
	5.1



	Minusinskiy
	30.464
	6575.6
	Partizanskiy
	1.929
	0



	Kanskiy
	27.706
	3759.3
	Kuraginskiy
	1.901
	2362.7



	Nazarovskiy
	17.340
	15416.3
	Idrinskiy
	1.898
	0.1



	Sharypovskiy
	16.330
	9564.3
	Balakhtinskiy
	1.870
	176



	Bogotolʹskiy
	10.251
	3155.5
	Kazachinskiy
	1.741
	7.4



	Uiarskiy
	9.629
	4422.5
	Karatuzskiy
	1.487
	81.9



	Berezovskiy
	9.353
	1385.9
	Irbeiskiy
	1.447
	8.8



	Rybinskiy
	8.915
	7113.6
	Sayanskiy
	1.371
	34.7



	Uzhurskiy
	7.495
	1545
	Taseevskiy
	1.198
	0



	Emelʹianovskiy
	6.472
	2065.9
	Pirovskiy
	1.128
	0



	Ilanskiy
	6.439
	279.2
	Ermakovskiy
	1.117
	0



	Nizhneingashskiy
	4.914
	1191.6
	Tiukhtetskiy
	0.881
	0



	Krasnoturanskiy
	4.103
	215.8
	Biriliusskiy
	0.843
	20922.1



	Dzerzhinskiy
	3.744
	55.5
	Boguchanskiy
	0.840
	0



	Sukhobuzimskiy
	3.573
	1795.3
	Motyginskiy
	0.830
	36019.7



	Novoselovskiy
	3.416
	54.8
	Kezhemskiy
	0.616
	17612.2



	Shushenskiy
	3.182
	1346.3
	Eniseiskiy
	0.390
	11814.2



	Kozulʹskiy
	3.066
	136.6
	Severoeniseiskiy
	0.259
	20751.8



	Bolʹsheuluĭskiy
	2.984
	9109.3
	Turukhanskiy
	0.079
	388835



	Bolʹshemurtinskiy
	2.672
	5317.8
	Taimyrskiy municipal region
	0.037
	76734.7



	Manskiy
	2.665
	93.7
	Evenkiiskiy municipal region
	0.020
	19544.9







Note: 0 means absence of data in official statistics.
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